Abstract: In this paper, a new technique to attain a tunable parametric amplifier for application in the communication wavelength, based on near-zero ultraflat dispersion with PCF, has been explored. The chromatic dispersion profile and the corresponding zero dispersion wavelength (ZDW) of the optimized PCF can be well tuned to provide a wide gain spectrum in the communication wavelength just by changing the temperature of the fiber. A detailed investigation reveals that the fiber retains its near-zero ultraflat nature when the temperature is increased by 2.50 C from room temperature. While changing the temperature, the ZDWs can be well tuned, giving rise to a gain region of hundreds of nanometers around the pumping wavelength by changing the temperature of the fiber externally.
Introduction
Degenerate four wave mixing (FWM) is a nonlinear process where two photons are generated at two different wavelength at the cost of two pump photons of similar wavelengths [1] . FWM has been utilized for different novel applications like wavelength conversion [2] , [3] , quantum noise reduction [4] , nonlinear spectroscopy [5] and parametric amplification [6] to name a few. Fiber optical parametric amplifier (FOPA) has become one of the promising candidates as wavelength conversion tools for generation of broadband spectrum with high gain in communication wavelength band and IR region [6] - [10] .
Photonic crystal fibers (PCFs) [11] , [12] or microstructure optical fibers (MOFs) or holey fibers have become an excellent candidate for numerous applications which are difficult to achieve with conventional step index (SI) fiber. With proper adjustment of the parameters like air-hole diameter "d " and hole-to-hole spacing "Ã," PCFs are found out to posses extraordinary applications like tailoring dispersion profile [13] , superior nonlinearity [14] , high birefringence [15] , endlessly or effectively single mode behavior for a wide wavelength region [16] . PCFs can significantly enhance the parametric amplification process as the special fiber is an excellent candidate for dispersion engineering along with enhanced nonlinearity with proper adjustment of the available parameters [17] - [20] . A flat dispersion PCF around the communication wavelength leads the broadening of the overall gain spectrum with proper choice of pumping around the zero dispersion wavelength (ZDWs) [21] .
In this work, a near zero ultra flat dispersion PCF with all the air-holes of same diameter has been designed. The effect of variable air-hole diameter has been realized with the first two airhole rings infiltrated with thermo-sensitive liquid of proper refractive indices. The thermo-optic sensitivity property of the liquid has been explored towards a distinctive application in tailoring the ZDWs by changing the temperature of the fiber. This effect of changing the dispersion property, specially the ZDW, is an excellent property since, because, once a fiber is fabricated, its dispersion property is fixed. Now, with the changing of the temperature of the fiber, one can easily tune the ZDWs, which are an excellent distinct feature and can be exploited for other applications as well. This particular application in this research features the detuning of the pump wavelength from its center one. Such phenomenon of detuning the pump wavelength form the central value, can be addressed either with a tunable laser sources or by vary the ZDW of the waveguide. Varying ZDWs with the proposed methodology will work favorable towards a tunable fiber optic based parametric amplifier (FOPA) in the communication wavelength as the tunable pump source is an expensive solution.
Design of the PCF and Analysis Method
The schematic of the studied design has been presented in Fig. 1 ; with the two inner air-hole rings are infiltrated with thermo-sensitive liquid of certain refractive indices with a silica background. The diameter of all the air-holes is kept constant throughout the investigation. The modal fields are calculated using CUDOS MOF Utilities [22] that simulates PCFs using the multipole method [23] , [24] . The numerical calculations, namely dispersion parameter (D) and parametric properties are performed with MATLAB. We have calculated the dispersion parameter ðDÞ as
with Re½n eff is the real part of the effective indices obtained from simulations, and "c" is the velocity of light in vacuum. The propagation loss of the structure has been calculated as
where Imðn eff Þ is the imaginary part of the effective indices, and is in micrometers. The chromatic dispersion of the background material silica has been taken into account through Fig. 1 . Schematic of the optimized design. The two inner air-hole rings are infiltrated with a liquid of certain RI with thermo-optic sensitivity to achieve the required effective index profile to achieve the near zero ultra-flat dispersion around the communication wavelength.
Sellmeier's equation. The refractive index variation of the liquid for a change of temperature of the PCF has been considered as
where n R is the refractive indices (RI) at the room temperature, and dn=dT is the temperature co-efficient of the liquid which is considered to be À3:39 Â 10 À4 = C [25], and n T is the RI with an increment of temperature ÁT . Throughout our simulations, we have considered only the RI variation of the liquid as the temperature coefficient of silica is very small compared to liquids [26] , [27] . The intrinsic loss of the background material of silica has not been considered because of very low loss of the material ð$2 Â 10 À4 dB/mÞ around the communication wavelength [1] .
Theory of Parametric Amplifier
In optical fibers, several nonlinear phenomena could be exploited to generate new wavelength(s) [1] . Under certain conditions, however, FWM is the dominant nonlinear mechanism for generating new wavelengths, provided a certain phase-matching condition is satisfied. Under D-FWM process, pump photons of frequency ! p get converted into a signal photon ð! s G ! p Þ and an idler photon ð! i > ! p Þ satisfying the energy conservation relation ð! p ¼ ! s þ ! i Þ with the subscripts "s," "i," and "p" stands for signal, idler, and pump, respectively. For efficient mixing, it is important to recognize that the following phase matching condition [1] , [26] is satisfied as
where P 0 is the input pump power, is the well-known effective nonlinear (NL) coefficient, and Ák L is the linear phase-mismatch term that is chromatic and inter-modal dispersion dependent and is given by
where m is the mth order GVD parameter, s is the frequency shift
and Ák W is the phase mismatch term due to waveguide dispersion, which can be neglected in case of single-mode fibers [1] . The optical parametric signal gain Gs [1] , [28] is calculated as follows:
where the gain coefficient "g" is
Considering up to the fourth order term and writing Ák L as Á without the waveguide dispersion term, (5) becomes
where D is the dispersion parameter given by (1) . The efficiency and spectral bandwidth of FOPA depends upon the value of phase mismatch parameter Ák . The gain spectrum is higher when Ák is zero and vice versa. Eventually, the parametric gain depends upon both the linear and nonlinear phase mismatch terms as Ák is directly related to the above parameters as shown through (4) . The change in linear phase mismatch governs the net phase and gain spectrum as the nonlinear phase mismatch term does not change much with the pumping condition. The linear phase mismatch "Á" should be negative with adequate amount to balance the positive nonlinear phase mismatch term for net FOPA gain and subsequently, Á should satisfy À4P Á 0 to have sufficient parametric gain. For perfect phase matching, phase mismatch term becomes zero in (4) for a maximum signal gain to occur. In this situation, Á ¼ À2P with g max ¼ P.
Numerical Results and Discussion
Designing near zero ultra-flat dispersion for application like tunable broadband parametric amplifier in the communication wavelength has been a task with multi-dimensional parameter optimization which consists of liquid RIðn L Þ, air-hole diameter ðd Þ, and hole to hole distance ðÃÞ. Based on the detail investigation of the effect of the above parameters upon dispersion which says that the effect of varying the "Ã" influences the total dispersion, whereas "d " has the desired effect of modifying the dispersion slope, and varying "n L " modifies both the dispersion and its slope [29] - [31] , we have achieved near zero ultra-flat dispersion with D ¼ 0 AE 0:28 ps/nm/km from 1382 nm to 1770 nm i.e., for a wavelength range of 388 nm as demonstrated in Fig À3 dB/m. The advantage and relevant issues of liquid infiltration technique has already been investigated [21] , [29] - [32] . Typical compositions of the liquids available with M/s Cargille Labs, USA, are Perfluorocarbon and Chlorofluorocarbon (not the types thought to affect the ozone) [25] . Detailed specifications of the liquids can be available from the manufacturer website [25] . For the present fiber, the mode field is confined almost inside the core region. Consequently, the effect of liquid has only been considered for dispersion engineering. The Cauchy Equation corresponding to the variation of the refractive index of the liquid for different wavelength has been considered as follows [25]:
where is in Angstroms. The optimized design is having three ZDWs with the first one (ZDW 1 ) at 1419 nm, the second one (ZDW 2 ) at 1533 nm, and the last one (ZDW 3 ) at 1737 nm. The nonlinear (NL) co-efficient around the three wavelengths has been calculated to be 6. Fig. 4 presents the dispersion behavior of the optimized PCF for the change of the temperature in steps of 0.5 C from room temperature. It has been observed that the fiber does not retain the ultra-flat nature with three ZDWs if the temperature is increased by a value more than 2.5 C than the room temperature. Subsequently, the discussion has been limited up-to an increment by 2.5 C from the room temperature for the present investigation.
Variation of the Three ZDWs for a Change of Temperature
The optimized near zero ultra-flat dispersion curves is having three ZDWs with different slopes as can be observed from the previous graph (see Fig. 2 ). The slope at the first ZDW is positive, while the, slope at the second ZDW is negative, and it becomes positive again for the third ZDW. Consequently, if the fibers are pumped nearer to the ZDW values, it results different parametric gain and bandwidths as explained in the next section. An increase of the temperature results the reduction of the refractive indices of the liquid as the temperature coefficient of the fiber is negative (of the order of À3:39= C), and the value of the ZDW 1 will be blue-shifted which can be observed from Fig. 5 . The figure shows that with a temperature change of 2.5 C, the ZDW 1 can be tuned by an amount of 40 nm. Fig. 6 shows that for the increment of ÁT ¼ 2:5 C, ZDW 2 is redshifted with a positive slope. The variation of ZDW 3 is presented in Fig. 7 which presents a blueshifting of the corresponding wavelength for the above mentioned temperature tuning.
Tunable Gain Spectrum Near the ZDWs
A broadband gain spectrum of the FOPA with high gain and broadband bandwidth can be achieved when the pump is in the smaller anomalous region ð 2 0Þ with positive value of 4 ð 4 > 0Þ. A fiber design supporting such characteristics will provide higher gain with wider spectrum. Different gain spectra far from the pump wavelength can also be achieved with 2 > 0 and negative values of 4 , because of complex dependency of gain on dispersion. The gain and phase mismatch characteristics corresponding to different ZDWs are discussed below.
Gain Spectrum With ZDW 1
The parametric gain around ZDW 1 is demonstrated in Fig. 8 and the subsequent phase matching term has been exhibited in Fig. 9 with the input pump wavelength of 1384.5 nm for a pump The nonlinear (NL) co-efficient around this wavelengths is found to be 6.1 W À1 Km À1 . The six curves represent the gain spectrum of the tunable FOPA for different tuning of temperatures when the value is increased by 0.5 C each including the room temperature. The figure clearly demonstrates that the signal gain increases with the increase of the temperature. A wide gain parametric amplifier spectrum with a peak value of 8.5 dB with a FWHM of 175 nm around the pump wavelength of 1384.5 nm is achieved with a tuning of temperature by 2.5 C with respect to the room temperature. It is interesting to observe that the gain spectrum for the above temperature tuning has got an enhanced sideband with a favorable condition of the phase mismatch with a positive value of 4 . The positive value of 4 corresponds to four wavelengths (two wavelengths both in the upper part and the lower part of the signal spectrum) where phase mismatch is perfect with Á ¼ À2P which can be observed from Fig. 9 . Here, it should be mentioned that the horizontal dotted green and brown line corresponds to Á ¼ À2P and Á ¼ À4P, respectively.
The above phenomenon can be explained based on the interplay between the higher order dispersion parameters. With the increase of the temperature, the ZDW 1 is blue shifted which in turn pushes the pumping wavelength into the normal dispersion region and it also shifts the ZDW very far from the pumping wavelength. Second-order dispersion parameter ð 2 Þ dominates the linear phase mismatch term ðÁÞ when the pumping wavelength is close to the signal wavelength to be amplified and the fourth order dispersion parameter ð 4 Þ dictate the phase mismatch term as we go away from the signal wavelength. For higher values of temperature tuning, the operation is confined in the anomalous region, whereas for the smaller temperature change, the operation is in the normal region. This factor leads to the broader spectra for temperature tuning by 2.5 C. Additionally, a positive value of 4 around the pumping wavelength in the anomalous dispersion region leads even broader bandwidth with flatter spectrum to a large extent that can be observed with the dotted red curve in Fig. 8 . A proper fiber dispersion engineering with pumping near the ZDW around the smaller anomalous dispersion region with a positive value of 4 leads to wider gain spectrum.
Higher gain with broader bandwidth can well be understood from the phase mismatch curve (see Fig. 9 ). For a temperature tuning of 2.5 C, Á lies within À4P Á 0 for a wide wavelength range. Also there are four wavelengths, both in the upper part and lower part of the pumping wavelength, for which Á ¼ À2P, which in turn corresponds to maximum gain. For other values of temperatures, the phase mismatch term is more than the allowed limit of À4P Á 0 for a certain signal wavelength range and consequently results in negligible gain.
Gain Spectrum With ZDW 2
The gain spectrum around the second ZDW (ZDW 2 ) of the optimized fiber is discussed in this section. The nonlinear (NL) co-efficient around this wavelength is calculated to be 5.5 W À1 Km À1 . The dispersion slope is negative around this ZDW and it leads to some interesting applications. The parametric gain and the relevant phase mismatch parameter is demonstrated in Figs. 10 and 11 respectively with Pp ¼ 10:2 W for a fiber length of 35 m operated at the wavelength of 1628.4 nm. The pump power is kept at relatively higher value to keep the peak gain almost same because of the reduced nonlinearity of the fiber at the higher wavelength. The value of 2 is positive with negative values of 4 for higher values of temperature tuning of ÁT ¼ 2:5 C around the pumping wavelength. The operation has been performed in the normal dispersion region of the fiber to achieve broader spectrum. A wider spectrum for the temperature tuning of 2.5 C is achieved as the temperature tuning satisfies the condition of broader gain spectra of 4P Á 0 as shown in Fig. 11 with the red curve. The horizontal dotted green and brown line corresponds to Á ¼ À2P and Á ¼ À4P respectively. An interesting phenomenon has been found out for smaller tuning of temperature, as peaks at longer wavelengths far from the pumping one being observed. The same can be predicted from the phase mismatch curve (see Fig. 11 ) with Á equals À2P for different wavelengths for different tuning of temperatures. Consequently, peaks for these wavelengths can be observed from both the phase mismatch (see Fig. 11 ) and gain spectrum curve (see Fig. 10 ). The peaks are due to the negative values of 4 at longer wavelengths which are dominating when the signal wavelengths are very far from the pumping one. A further decrease in the temperature results in translation of gain peaks towards wider wavelengths which is a distinctive feature of this investigation. These characteristics demonstrate the possibility of a translation of gain peaks even at very far IR region at a temperature below the room one. This is a special aspect of this particular fiber.
Gain Spectrum With ZDW 3
The parametric gain spectrum corresponds to the third ZDW (ZDW 3 ) has been discussed in this part of the article. This should be mentioned here that the dispersion slope around this À1 Km À1 . The gain spectrum and the relevant phase mismatch term has been presented in Figs. 12 and 13 respectively with Pp ¼ 11:4 W for a fiber length of 35 meter operated at the pumping wavelength of 1698.5 nm. The required pump power is relatively higher because of reduce nonlinearity at higher wavelengths. The value of 2 is positive with negative values of 4 for higher values of temperature tuning. The operation has been performed in the normal dispersion region of the fiber to achieve broader bandwidth with minimum fluctuation in the gain spectrum. The gain spectrum broadens with the increase of temperature. Wider spectrum/bandwidth of 155 nm for the temperature tuning of 2.5 C has been achieved as À4P Á 0 is satisfied (red curve in Fig. 13 ) for the wavelength range. An interesting phenomenon with peaks on both sides of the pump wavelength has been observed for smaller tuning in temperature including the room temperature similar to the nature exhibited around ZDW 2 (see Figs. 10 and 11) . The peaks are due to negative values of 4 which are dominating when the signal wavelength is very far than pump one, as has been already explained in the previous section. Translation of gain peaks towards even wider wavelengths (mid IR wavelengths) can be realized if the temperature is further reduced (similar to Fig. 10 ), which is a distinctive feature of the present investigation. Linear phase mismatch Á equals À2P for wider wavelengths as can be observed from the phase mismatch curve (see Fig. 13 ) for smaller change in temperature including at the room temperature. It can be observed that smaller the temperature tuning, wider the peak wavelengths. These unique property exhibit the prospect of a translation of gain peaks at very far IR wavelength at below room temperature. This is distinctive feature of this particular investigation.
Discussions
The gain and bandwidth of the parametric amplifiers can be improved by increasing the pump power or altering the length of the fiber. The possibility/probability of other NL effects like Brillouin scattering and stimulated Raman scattering are reduced with smaller pump power. Furthermore, the propagation loss is reduced with shorter lengthy of the fiber. Also, the requirement of smaller length of the fiber is reasonable as longitudinal chromatic dispersion fluctuation increases with the length of the fiber. The obtained gain bandwidth of the OPA has been calculated to be approximately 175 nm for ZDW 1 , 190 nm for ZDW 2 , and 155 nm for ZDW 3 respectively. It is clear that bandwidth around the second ZDW is wider than the other two counterparts. A summary of the obtained results are presented in Table 1 for all the three ZDWs.
It is well known that a PCF will be considered an endlessly single mode for all wavelength range when the d =Ã ratio is less than 0.406 for triangular lattice [16] , [33] and 0.442 for squarelattice geometry [34] . For our PCF, we can see that the optimized design is having d =Ã ratio of around 0.49. Therefore, it does not support endlessly single mode operation for the entire wavelength. Therefore, it is expected that along with the fundamental mode, some higher order modes will exist as well. We have calculated the propagation losses of the next higher order mode (class-2 of McIsaac's [23] , [24] ) of the optimized fiber, which comes out to be approximately 8.22 dB/m at the wavelength of 1550 nm. The result is significant as the loss of the second order mode is almost thousand times of magnitude higher to that of the fundamental mode ð4:26 Â 10 À3 dB/mÞ and hence the mode is expected to leak away after propagation of a very short length (few meters) of the optimized fiber. Thus, the PCF becomes effectively single mode in the wavelength range considered.
Conclusion
We have demonstrated that tunable parametric amplification is possible with an ultra-flat dispersion PCF with all the air-holes of same diameter in the cladding. A near zero ultra flat dispersion in the communication wavelength has been achieved with proper choices of PCF parameters like pitch and air-hole diameter and a proper thermo-optic liquid. Based on the optimized nearzero ultra flat dispersion of D ¼ 0 AE 0:28 ps/nm/km from 1382 nm to 1770 nm, i.e., for a wavelength range of 388 nm with Ã ¼ 2:94 m and d ¼ 1:45 m and a liquid of refractive indices of 1.344, a tunable parametric amplifier for communication wavelength application has been demonstrated. Our numerical analysis shows that the fiber retains the near-zero ultra flat nature of the dispersion profile up-to the increment of temperature by 2.5 C from the room temperature. The three ZDWs corresponding to the near zero ultra-flat dispersion, can be well tuned by a value of around 40-80 nm, by changing the temperature of the liquid while keeping the TABLE 1 Optimized parameter for FOPA gain for three ZDWs operation within the ultra flat nature. The tuning of ZDWs with the change of temperature helps in translating the pump wavelength from anomalous to normal region and thereby generating a gain region very far away from the pumping wavelength. The OPA gain and phase matching analysis has been performed in detail around the three ZDWs. Operating at smaller anomalous region with positive values of 4 results a broadband FOPA bandwidth of 175 nm around the first ZDW 1 for a temperature tuning of 2.5 C. A broadband FOPA with bandwidth of 190 nm has been achieved around ZDW 2 for a temperature tuning of 2.5 C operating at normal dispersion region with positive 2 and negative 4 . Operating around ZDW 3 , a broadband FOPA bandwidth of 155 nm has been achieved by tuning the temperature by 2.5 C. So, maximum bandwidth with sufficient gain can be achieved around the ZDW 2 . A distinct feature of the FOPA can be observed with translation of gain peaks at IR region with smaller tuning of temperature for pumping nearer to both ZDW 2 and ZDW 3 . Thus, the possibility of a translation of gain peaks even at very far IR region at a temperature below the room one has been put forwarded.
